Background: Gait deficits are very common after stroke and improved therapeutic interventions are needed. The objective of this study was therefore to investigate the therapeutic use of the nociceptive withdrawal reflex to support gait training in the subacute post-stroke phase.
Introduction
Regaining and maintaining the ability to walk independently is an important aspect of stroke rehabilitation and a primary goal for patients [1, 2] . It concerns a large part of the stroke population, since approximately 50% of the patients have initially no walking function and 12% need assistance to walk [3] . Sixty percent of the initially nonambulatory patients will regain independent walking after three months of training in a rehabilitation unit as compared to only 39% of those patients treated in an acute unit (see [4] for a review), which emphasizes the importance of the rehabilitation effort and course. The gait deficits post stroke include a range of spatio-temporal and kinematic deviations from normal gait, such as reduced speed and longer stance phase, reduced hip, knee, and ankle flexion during swing, and reduced knee extension during early-stance in the most affected side [5] . Gaitoriented training is commonly used after stroke and it has been shown to improve gait speed and walking distance [6] . Training typically consists of physiotherapy including the Bobath Concept, lower extremity muscle strengthening, overground walking, cycling, treadmill walking, and balance and cardiorespiratory training [7] [8] [9] [10] [11] [12] [13] [14] . For a review on gait rehabilitation after stroke see [15] .
Combining intensive voluntary exercising with synchronized functional electrical stimulation of the involved paretic muscles (functional electrical therapy, FET) has been of benefit for the recovery of upper-limb functions in the acute post-stroke phase [16] and to improve gait performance [17] [18] [19] . Additionally to the immediate effect of activating the appropriate muscles, the electrical stimulation ensures sensory inputs to the spinal and supraspinal centers by supporting the successful completion of the intended movements.
Stimulating relevant paretic muscles during gait therapy involves the activation of various muscle groups with the consequent tasks of positioning the stimulation electrodes, adjusting the stimulation intensities, and synchronizing the stimulation with the paretic gait pattern. Alternatively, ankle dorsiflexion, and in particular hip and knee flexion can be achieved by eliciting the withdrawal reflex [20] [21] [22] . Electrical stimulation of the sole of the foot has been shown to be effective to elicit the nociceptive withdrawal reflex (NWR) in the lower limb of healthy and hemiparetic individuals; the muscle and kinematic NWR responses were gait phase, stimulation site, frequency, and intensity dependent [23] [24] [25] [26] . The characteristic kinematic response in hemiparetic individuals included dorsiflexion of the ankle joint and flexion of the knee and hip joints [25] . It has therefore been suggested that electric stimulation of the sole of the foot could be used to initiate and facilitate the swing phase of the hemiparetic gait [27] . The use of both an open-loop, single channel stimulator and a closed-loop system that selects the optimal stimulation parameters resulted in a more functional gait of hemiparetic individuals during a single training session [28] , indicating that this modality of stimulation might benefit gait training.
The aim of the present study was therefore to investigate the therapeutic use of nociceptive withdrawal reflexes elicited from the sole of the foot to support the initiation and production of the swing phase and thereby gait training in the subacute post-stroke phase. The hypothesis was that combining intensive gait training with synchronized stimulation of the sole of the foot of the paretic limb would result in a lasting improvement of gait function after ending the treatment.
Methods

Subjects
The subjects that participated in this single-blinded study were 30 individuals who suffered a cerebrovascular accident (36-83 years old, see details in Table 1 ) and fulfilled the following inclusion criteria: age above 18, first ever cerebrovascular accident or second one with a first stroke with all neurological deficits fully resolved, cerebrovascular accident at most nine weeks old, able to walk a maximum of 10 meters without help from a therapist and eventually supporting on a bench or handrail if needed, ability to understand and follow instructions, able to tolerate electrical stimulation, no pacemaker, no heart or lung disease, no local infection in stimulation area, and no other neurologic or orthopedic problems affecting gait. Patients were recruited from a Neurorehabilitation center where they were admitted in the early subacute phase.
The subjects were divided into two groups: a treatment group that received intensive physiotherapy-based gait training combined with activation of the NWR by electrical stimulation of the arch of the foot (NWR-FET group), and a control group that received intensive physiotherapy-based gait training alone. Concurrently with the study intervention, patients in both groups received physiotherapy five days a week, 40 minutes per day. Physiotherapy was based on a mixed approach and encompassed task specific repetitive training, gait training, the Bobath Concept, lower extremity muscle strengthening, and balance and cardiorespiratory training.
Computer-controlled randomization was performed at inclusion time in order to allocate the subjects into the two groups until two thirds of the total number of subjects was included. The remaining third was assigned to one of the two groups by computer software after the ambulation ability was assessed by the Functional Ambulation Category (FAC) test [29] , in order to ensure balanced mobility at inclusion time. When performing the FAC test, patients are scored in a 6 point scale where, briefly, 0 corresponds to nonfunctional ambulation, 1 indicates need for continuous help to support body weight and balance, 2 indicates need for help to assist balance or coordination, 3 indicates ability to ambulate but need for supervision, 4 indicates ability to ambulate independently on level surfaces, and 5 corresponds to independent walkers on all surfaces [29] .
The protocol of the study was approved by the local ethics committee (approval number VN-2004/65) and was in accordance with The Declaration of Helsinki. All volunteers provided written informed consent before participating in this study.
Training protocol
Subjects in both groups received intensive gait training performed by physiotherapists, who determined the needs and training routines in an individualized manner. Training was considered intensive since it consisted of 20 daily sessions, with a maximum of two days without training between sessions. Furthermore, subjects trained during 30 minutes per day, with at least 15 minutes of walking, allowing for resting periods.
NWR-FET
Individuals in the NWR-FET group received intensive physiotherapy-based gait training combined with activation of the nociceptive withdrawal reflex by electrical stimulation of the arch of the foot. The purpose of the stimulation was to elicit an unloading response of the affected limb and thereby support the initiation and production of the swing phase. To deliver the stimulation, a self-adhesive electrode (2.63 cm 2 surface area, Ag-AgCl, Medicotest, Oelstykke, Denmark) was placed on the arch of the foot and a large common anode (7 × 10 cm electrode, Pals, Axelgaard Ltd., Fallbrook, California) was placed on the dorsum of the foot. The stimulation train consisted of five 1 ms-wide pulses delivered at 200 Hz, repeated 4 times at 15 Hz, triggered manually at heeloff. For this, a physiotherapist observed the patient attempt to lift-off and pressed a button that triggered the stimulation. The stimulation intensity was adjusted in steps of 1 mA by a physiotherapist that observed the overall evoked kinematic response and decided whether the stimulation intensity should be increased or decreased to evoke a stronger/weaker kinematic response that would best support the production of the swing phase.
Evaluation
Evaluations were performed independently and blinded to therapy type at inclusion, immediately after completion of the 20 training sessions, and one and six months after completion of training.
During the evaluation sessions, the subjects were instrumented bilaterally with switches based on a force sensitive resistor (LuSense, PS3, Standard 174). The switches were placed under the heel and the medial forefoot, and used to record contact times while the subjects walked at their preferred velocity between one and four times along a 9 m long line. The recordings were sampled at 1 kHz, displayed on a computer screen, and stored for later analysis.
The ambulation ability was assessed by the FAC test. The preferred and maximum gait velocities were measured when walking along the 9 m long line. Measurements were performed between one and four times for each condition, averaged and stored. In both cases, the number of repetitions performed (1-4) depended solely on the physical condition of the subject.
Subjects walked barefoot and without walking aids such as ankle-foot orthosis or canes during the evaluation sessions. However, those subjects who needed the help of one or two therapists to walk were allowed to use it, with the constraint that the physiotherapist(s) should provide the minimum help necessary to allow walking and should not provide verbal guidance while performing the evaluations.
Data analysis
The data analysis was performed off-line, independently, and blinded to therapy type. For visualization and processing of the footswitch data, ad-hoc software developed in Matlab (Matlab 7.14.0.739, The MathWorks Inc., Natick, MA, USA, 2012) was used. The data consisted of On-Off signals (contact/no-contact) that were visually inspected to identify and eliminate the sections lacking cyclic signals at the beginning and end of the recordings, indicating periods when the patients prepared to start walking and stopped walking after concluding the 9 m test. Afterwards, the data from the four switches were combined to generate the stance, swing, and single support phases. The duration of the stance phase and the single support phase of both limbs, and the gait cycle were measured. The duration of the stance and the single support phases were expressed as a percentage of the duration of the gait cycle. Outliers that fell outside the 5 th and 95 th percentiles were eliminated. For each subject, measurements corresponding to the duration of the stance phase in the ipsilateral, hemiparetic side and the gait cycle from the evaluation sessions performed immediately after, and one and six months after completion of training were normalized to the mean values at inclusion time in order to eliminate mismatches at inclusion time.
The amplitude of gait symmetry was assessed by means of a Symmetry Ratio calculated as the ratio between the duration of the stance time in the paretic limb and the stance time in the contralateral limb, provided that the larger of the two values is used in the numerator; gait with a Symmetry Ratio above the normative cut point of 1.05 is considered asymmetric [30] . The patients are numbered chronologically according to the date of inclusion in the study. The stimulation intensity corresponds to the average across 20 training sessions for the NWR-FET group. The mean training time corresponds to the average amount of minutes effectively used for training, excluding pauses, during the 20 training sessions. CVA: cerebrovascular accident.
Statistical analysis
A mixed linear model analysis was performed for the preferred and maximum walking velocities, and the Symmetry Ratio with the following variables: group (NWR-FET and Control) and post training evaluation session (immediately after training, one month, and six months after training), and subject as a random factor. A similar analysis was performed for the duration of the stance phase in the hemiparetic side and the gait cycle but stratified according to the FAC-test score at inclusion time. T-test was used to compare the groups at inclusion time. Post-hoc comparisons were performed with the Bonferroni test. A generalized mixed linear model analysis was performed for the FAC-test score with the following variables: group (NWR-FET and Control) and post training evaluation session (immediately after training, one month, and six months after training), and subject as a random factor. Furthermore, the Mann-Whitney Sum Rank test was used to test differences in age (data non-normally distributed) among groups at inclusion time. T-test was used to compare the training time among groups. To investigate changes of the stimulation intensity along the training period, a 1-way repeated measures ANOVA was used with week of training as variable.
Results are presented as mean values and standard error of the mean (SEM). P < 0.05 was considered statistically significant.
Results
One subject (#20) dropped out of the study after the second evaluation session due to reasons unrelated to this project and one subject (#30) did not wish to participate in the last evaluation session. The data collected from these subjects were included in the analysis. At inclusion time, there was no statistically significant difference in the age of the subjects between groups (P = 0.7).
The mean training time for subjects in both groups and the mean stimulation intensity for the NWR-FET group are presented in Table 1 . The mean training time across the 20 sessions was 16.9 minutes (range 15.6-18.6) for the NWR-FET group and 17.1 minutes (range 15.5-18.7) for the control group (P = 0.7). The mean stimulation intensities across subjects in the NWR-FET group for each of the four weeks of training were 22.1 ± 2.2 mA, 21.3 ± 2.6 mA, 20.6 ± 3.0 mA, and 20.6 ± 2.8 mA. No statistically significant change in the stimulation intensity during the training period was detected (ANOVA, P = 0.6). In the NWR-FET group, no cases of walking instability following the stimulation or desire to stop due to the short-lasting unpleasant stimulation were observed.
General walking quality
At the first evaluation session, the subjects scored 0, 1, or 2 in the FAC-test. The three scores were equally distributed among subjects in both groups (NWR-FET and control). The test scores at the different evaluation sessions are presented in Table 2 . The post training FAC-test score was influenced by the evaluation session in which it was assessed (Generalized mixed model analysis, main effect, p < 0.03) and there was no group effect (p = 0.09).
The preferred walking velocity was not statistically different between groups at inclusion time (p = 0.051) with a mean difference of 0.04 m/s. After training, the preferred walking velocity depended on the group that was assessed, with subjects in the NWR-FET group presenting a significantly faster preferred walking velocity (Mixed model analysis, main effect, p < 0.001) (Figure 1 ). The preferred walking velocity depended also on the evaluation session in which it was measured (Mixed model analysis, main effect, p < 0.001). Subjects improved their preferred walking velocity at each evaluation session post training (Bonferroni, p < 0.001).
The fast walking velocity was not statistically different between groups at inclusion time (p = 0.052) with a mean difference of 0.11 m/s. After training, it depended on the group that was assessed, with subjects in the NWR-FET group presenting a significantly faster maximum walking velocity (Mixed model analysis, main effect, p < 0.001) (Figure 1 ). The fast walking velocity depended also on the evaluation session in which it was measured (Mixed model analysis, main effect, p < 0.03). Subjects improved their fast walking velocity at each evaluation session post training (Bonferroni, p < 0.002).
Gait parameters
For subjects in the FAC = 1 group at inclusion time, the post treatment duration of the stance phase in the hemiparetic side depended on the group to which the subjects belonged (NWR-FET/control) (Mixed model analysis, main effect, p < 0.001) with subjects in the NWR-FET group presenting a longer stance phase duration. Furthermore, for this stratum, the post treatment duration of the stance phase depended also on the evaluation session (Mixed model analysis, main effect, p < 0.001). Subjects shortened their stance phase duration from the evaluation immediately after finishing treatment to one month after (Bonferroni, p < 0.001). Data are presented as median and 25th and 75th percentiles in brackets.
For subjects in the FAC = 0 and FAC = 2 groups at inclusion time, the post treatment duration of the stance phase in the hemiparetic side depended on the group to which the subjects belonged (NWR-FET/control) and the evaluation session (Mixed model analysis, interaction, p < 0.002). Significant interactions (Bonferroni, p < 0.05) are shown in Figure 2 while the mean values at inclusion time are presented in Table 3 .
The post treatment duration of the gait cycle depended on the group to which the subjects belonged (NWR-FET/control) (Mixed model analysis, main effect, p < 0.002). Subjects in the NWR-FET group, who scored 0 in the FAC test at inclusion, presented shorter post training gait cycle durations than subjects in the control group (Figure 2) . Subjects in the NWR-FET group, who scored 1 and 2 in the FAC test at inclusion, presented instead longer post training gait cycle durations than subjects in the control group (Figure 2) . The post treatment duration of the gait cycle depended also on the evaluation session (Mixed model analysis, main effect, p < 0.001). Subjects in the FAC = 1 group, shortened their gait cycle at each post training evaluation session (Bonferroni, p < 0.001), while subjects in the FAC = 0 and FAC = 2 groups, shortened their gait cycle only from the evaluation immediately after finishing treatment to one month after (Bonferroni, p < 0.001).
The stance time Symmetry Ratio was not statistically different between groups at inclusion time (p = 0.5) with a mean difference of 0.18. After training, the Symmetry Ratio depended on the group that was assessed, with subjects in the NWR-FET group presenting a significantly smaller Symmetry Ratio (Mixed model analysis, main effect, p < 0.02) that did however not fall below the normative cut point of 1.05 (Figure 3 ).
Discussion
Intensive physiotherapy-based gait training combined with activation of the NWR to initiate and support the swing phase resulted in improved walking in subacute hemiparetic individuals, in particular those with severe walking impairment at inclusion time. This was shown by the faster preferred and fast walking velocities, the shortening of the gait cycle and lengthening of the stance phase on the affected side, and the improved Symmetry Ratio that tended towards values that indicate symmetric gait. The results suggest that withdrawal reflex-based therapy was useful in the rehabilitation of the hemiparetic gait.
NWR-FET
In a study involving a single training session, it was shown that a more functional hemiparetic gait could be obtained by eliciting the lower limb NWR by electrical stimulation of the sole of the foot in order to obtain preset kinematic goals [28] . In the present study, the therapeutic effect of a NWR-FET system was studied and it was shown that although the system was very simple, consisting of an open-loop one channel stimulator, it succeeded to produce an effect that outlasted the training period. For the majority of the outcome measures, i.e. the preferred walking velocity, the fast walking velocity, the symmetry ratio, the duration of the gait cycle, and the duration of the stance phase for subjects in the FAC = 1 group, there was a post-training effect that depended on the group to which the subjects belonged, indicating an immediate but also a therapeutic effect of training with NWR-FET. Repeated functional exercising and the synchronized stimulations that facilitated the swing phase, creating a proprioceptive, sensory inflow to the supraspinal centers, might be responsible for this therapeutic effect. It is known that tactile stimulation results in an expanded representation of the stimulated areas in the somatosensory cortex of monkeys [31] . It is also known that in a monkey model of stroke, functional reorganization of the motor cortex is observed after a few weeks of training, suggesting that the adjacent, undamaged motor cortex might take over the function of the damaged cortex [32] . In humans, a long lasting reorganization of the motor cortex associated with improved motor performance following rehabilitation of the upper arm of stroke individuals has been reported [33] . Furthermore, results indicating that improved motor performance and increased motor cortex excitability followed skill training but not non-skill and Figure 2 Gait cycle and Stance phase. Duration of the Gait cycle and of the Stance phase in the hemiparetic side stratified according to the FAC-test score at inclusion time (n = 5 for the NWR-FET and control groups for each FAC group). Values are normalized per subject to the mean at inclusion time to correct for differences at inclusion and shown at inclusion (evaluation 1), immediately after completion of training (evaluation 2), 1 month (evaluation 3), and 6 months (evaluation 4) after completion of training. Mean values at inclusion time are shown in Table 3 . Asterisk indicates a statistically significant difference between groups after finishing treatment (p < 0.002). Square indicates a statistically significant interaction between group and evaluation session (p < 0.001).
passive training in humans [34] suggest that brain plasticity and perhaps also spinal cord plasticity (see [35] and [36] for reviews) might mediate the longer lasting changes in both the motor and somatosensory cortex representation of the lower limbs. This, in combination with the spinal pattern generation networks, would probably result in improved gait performance. It has been suggested that in animals, neuroplasticity is more effective during a timelimited window after stroke [37, 38] , which is consistent with results in humans indicating that better and faster recovery is obtained in the early phase after stroke [39] ; therefore the rationale of including in this study individuals in the early sub-acute phase after stroke.
Gait performance
Gait velocity has been shown to correlate to motor recovery [40] and although this measurement does not reflect the quality of the movements, it is affected by weakness in hip, knee, and ankle flexors [41, 42] . In the present study, individuals who received NWR-FET showed a better improvement of their self-selected and fast walking velocities. However, results should be considered with caution, since most of the patients needed help from at least one physiotherapist to be able to perform the test, which is an important confounding factor due to the impossibility to standardize the amount of support provided by the therapist. Assessment of gait velocity of patients walking at their preferred velocity and using their own selection of walking aid or assistance has been reported earlier in the literature [43] .
The minimal detectable change in gait speed of subacute stroke individuals who needed physical assistance from one person to walk has been reported to be 0.07 m/s [44] , which suggests that the changes observed in the present study cannot only be explained by inherent data variability. On the other hand, the mean difference in the preferred walking velocity between groups at inclusion (0.04 m/s) could be attributed to the expected data variability [44] . The difference between groups became aproximately three times larger, increasing to 0.14 m/s at the last follow-up, indicating an effect of treatment. Although this difference seem small, it must be considered in light of the low walking velocity the subjects showed, specially at inclusion time. The preferred pre-training walking velocity was approximately 0.2 m/s revealing that the subjects included in this study had very limited ambulation abilities and could be classified as household walkers (<0.4 m/s) [45] . Individuals in the NWR-FES group changed from being classified as household walkers to becoming limited community walkers (0.4-0.8 m/s) one month after finishing training, showing an improvement in their walking ability. Individuals in the control group changed from household walkers to limited community walkers only six months after finishing training, revealing a slower pace of recovery. Although walking velocity is a good indicator of community ambulation, factors such as balance control and lower limb strength are also important to achieve independent walking [46] . Hemiparetic patients normally spend less time in single limb support and stance with their affected side [47] . The present results showed that gait training might change this, as the Symmetry Ratio tended towards the normative cut point indicating symmetric gait [30] after ending the treatment. Although none of the groups reached Symmetry Ratios lower than the normative cut point, the NWR-FET group obtained closer values, reflecting a positive effect of training. It was hypothesized that asymmetry in the stance time could be related to balance control issues that result in a shorter stance time in the hemiparetic side [30] , which suggests that the gait training provided might have also been beneficial to improve balance.
Individuals in the NWR-FET group that were the poorest walkers at inclusion time obtained the largest benefit from treatment, reaching a final stride time approximately 40% shorter than at inclusion and a persistently longer stance time in the hemiparetic side of approximately 80% of the gait cycle. This result fits well with those showing that the relative duration of the gait phases is influenced by the gait speed and that at walking speeds lower than 0.7 m/s, as is the general case in the present study, the stance phase represents more than 80% of the gait cycle [48] . Individuals that had a better walking function at inclusion, FAC score of 1, and received NWR-FET also showed a longer duration of the stance phase in the hemiparetic side compared to those in the control group, indicating that a more normal gait pattern with better weight bearing in the affected side was achieved. However, those patients that were the best walkers at inclusion, FAC score of 3, did not seem to benefit as much from NWR-FET. They reduced the duration of the stance phase probably due to an earlier start of the swing phase caused by the electrical stimulus delivered at heel-off and shortened the gait cycle, though not as much as the individuals in the control group, reaching values comparable to those of healthy individuals [49] . It is therefore likely that the reflex stimulation might have perturbed the gait of these patients instead of supporting it. Finally, results from the last evaluation session, 6 months after ending the treatment, must be considered cautiously since patients had already been discharged from hospital which resulted in very heterogeneous courses of treatment, living conditions, and levels of activity across individuals.
Experimental setup limitations
Activating the nociceptive withdrawal reflex requires using stimulation intensities that are perceived as unpleasant or painful [50] . This however was not a problem as indicated by informal patient verbal report and by the lack of dropouts. This suggests that patients might accept the associated discomfort if the treatment is limited in time (therapeutic use). Further aspects such as the appropriate treatment dose, automatic triggering of the stimulation and control of the stimulation intensity/location to avoid habituation of the reflex response [51] will require further investigations.
Conclusion
In conclusion, this article presented a new therapeutic tool to rehabilitate gait consisting of intensive physiotherapy based gait training combined with activation of the nociceptive withdrawal reflex that improved the walking ability of hemiparetic patients resulting in a faster and more functional gait, especially for those individuals with very poor walking ability at inclusion time.
